Recent studies suggest that erythromycin can suppress the production of some cytokines and may be an effective treatment for asthma. Eosinophil chemotactic cytokines have been suggested to contribute to the pathogenesis of asthma by the recruitment of eosinophils. We hypothesized that erythromycin modulates eosinophil chemotactic cytokine production. To test the hypothesis, we evaluated the potential of erythromycin to modulate the release of eosinophil chemoattractants from the human lung fibroblast cell line HFL-1. HFL-1 released eotaxin, granulocyte-macrophage colony-stimulating factor, and regulated and normal T-cell expressed and presumably secreted (RANTES) in response to interleukin-1␤ or tumor necrosis factor alpha. Erythromycin attenuated the release of these cytokines and eosinophil chemotactic activity by the HFL-1. The suppressive effect on eotaxin was the most marked of these cytokines. Erythromycin therapy also suppressed eotaxin mRNA significantly. These results suggest a mechanism that may account for the apparent beneficial action of macrolide antibiotics in the treatment of allergic airway disorders.
Asthma is a chronic disease of the airways that are prone to constrict because of inflammation (21) . The inflammatory infiltrate is predominantly composed of eosinophils, and current concepts suggest that eosinophils are major effector cells in this disease (7, 12) . Eosinophils migrate in response to chemoattractants, such as leukotrienes and several chemokines (31, 32) . The importance of cytokine mobilization in promoting airway eosinophil recruitment is demonstrated by the effectiveness of cytokine antagonists in blocking airway eosinophilia after allergen exposure (13, 29) . Consistent with this concept, studies with genetically altered animals lacking the eosinophil chemotactic cytokine or transcription factors, which regulate the production of eosinophil chemoattractants, do not develop airway eosinophilia, lung damage, or airway hyperreactivity (2, 45) .
Low-dose erythromycin (ERY) therapy has been accepted as an effective therapy for diffuse panbronchiolitis (26) . The therapeutic effect of ERY has been extended to include other inflammatory diseases, including the eosinophilic airway disease, asthma (19, 25, 30) . Although the precise mechanism(s) for the beneficial effect in asthma remains unclear, several studies have suggested that the beneficial effects are due to an anti-inflammatory mechanism. Macrolides have been shown to inhibit the proliferation of mononuclear cells (36) , reduce the formation of superoxide by neutrophils (3, 28) , and show suppressive effects upon cytokine production (24, 25, 40, 41) .
Based on the above, we hypothesized that ERY might modulate eosinophil chemotactic activity to account for its beneficial effect in asthma. To test this hypothesis, we investigated the effect of ERY on the production of eosinophil chemotactic cytokines from a lung fibroblast cell line. We found that ERY significantly attenuated eosinophil chemotactic activity by the supernatant fluids from a lung fibroblast cell line and that eotaxin, granulocytemacrophage colony-stimulating factor (GM-CSF), and regulated and normal T-cell expressed and presumably secreted (RAN-TES) production were suppressed by ERY. These effects may play a role in eosinophil recruitment and have relevance to ERY efficacy in bronchial asthma.
MATERIALS AND METHODS
Cell cultures. Human fetal lung fibroblasts (HFL-1, lung, diploid, human, passage 14) were purchased from the American Type Culture Collection (Rockville, Md.) and used because of difficulty in obtaining sufficient quantities of primary human lung airway fibroblasts for these experiments. The cell line, HFL-1, was initiated from the lung tissue of a 16-to 18-week-old human fetus in 1975. Morphology of HFL-1 is fibroblast-like and retains features of normal lung fibroblasts including collagen and fibronectin production (8, 20) . The HFL-1 were suspended at 1.0 ϫ 10 6 cells/ml in Ham's F-12 supplemented with 10% heat-inactivated fetal bovine serum. Cell suspensions (3 ml) were added to 30-mm-diameter tissue culture dishes (Corning, Corning, N.Y.) and were cultured at 37°C in a 5% CO 2 atmosphere. After 2 to 3 days in culture, the cells had reached confluence and the culture medium was replaced with 2 ml of medium supplemented as described above and incubated for one additional day.
ERY and stimulants. The culture medium was removed from the cells by washing twice with serum-free medium, and the cells were incubated with ERY (1, 10, or 100 g; Sigma, St. Louis, Mo.) at 37°C in a humidified 5% CO 2 atmosphere. After 2 h tumor necrosis factor alpha (TNF-␣; 10 ng/ml; Sigma) or interleukin-1␤ (IL-1␤; 1 ng/ml; Sigma) was added for 48 h. In preliminary experiments, these concentrations of IL-1␤ or TNF-␣ produced the maximal cytokine stimulation of the doses tested. Controls included the same concentrations of penicillin or streptomycin (GIBCO, Grand Island, N.Y.). Cell injury was evaluated by microscopy (cell shape, detachment from tissue culture dish) and trypan blue exclusion. The supernatant fluids were then harvested and stored at Ϫ80°C until assayed.
Measurement of cytokines in the supernatant fluids. The concentrations of eotaxin, GM-CSF, IL-5, RANTES, and LTB4 were measured in the cell supernatant fluids using a commercially available enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, Minn.) according to the manufacturer's instructions. The minimum concentrations detected by these methods were 15 pg/ml for eotaxin, GM-CSF, IL-5, RANTES and 200 pg/ml for LTB4.
Evaluation of mRNA expression. Cytokine mRNA was analyzed by reverse transcriptase PCR (RT-PCR). HFL-1 were incubated with ERY for 14 h and cytokines for 12 h, and the total cellular RNA was extracted from adherent cells using a modification of the methods of Chomczynski and Sacchi (10). The RNA was reverse transcribed using a commercially available kit (Promega, Madison, Wis.). One microgram of the reverse-transcribed DNA was then mixed with Ready-to-Go PCR Beads (Pharmacia, Piscataway, N.J.) and the front and back primers (Table 1 ) added at 0.2 M final concentration. PCR was performed in a Perkin-Elmer model 480 thermal cycler using at 94°C for 2 min and 35 cycles consisting of 94°C for 45 s, a primer annealing temperature as specified in Table  1 for 45 s, and 72°C for 2 min, followed by 72°C for an additional 7 min. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a "housekeeping gene" with the PCR. The DNA was subjected to agarose gel, and the intensity of the bands was quantitated by densitometry. The results were expressed as the ratio of intensity to the GAPDH.
Effects of ERY on eosinophil chemotactic activity by HFL-1 supernatant fluids. Eosinophils were isolated with a modified method of Hansel et al. (14) with a magnetic cell separation system (Becton Dickinson, Franklin Lakes, N.J.).
Briefly, venous blood anticoagulated with 130 mM trisodium citrate was obtained from normal human volunteers and diluted with phosphate-buffered saline PBS in a 1:1 ratio. Diluted blood was overlaid on an isotonic Percoll solution (density, 1.082 g/ml; Sigma) and then centrifuged at 1,000 ϫ g for 30 min at 4°C with a Beckman TJ-6 centrifuge. The supernatant and mononuclear cells at the interface were carefully removed, and red blood cells in the sediment were lysed with two cycles of hypotonic lysis (0.1% KHCO 3 and 0.83% NH 4 Cl). Isolated granulocytes were washed two times with PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)] buffer (25 mM PIPES, 50 mM NaCl, 5 mM KCl, 25 mM NaOH, and 5.4 mM glucose; pH 7.4) containing 1% defined calf serum (DCS; HyClone Laboratories, Logan, Utah), and an approximately equal volume of anti-CD16 antibody conjugated with magnetic particles (Miltenyi Biotec, Bergisch Gladbach, Germany) was added to the cell pellet. After 60 min on ice, 5 ml of PIPES buffer with 1% DCS was added to the cell-antibody mixture. The resuspended cells were loaded onto the separation column positioned in the magnetic cell separation system with a strong magnetic field. The cells were eluted three times with 5 ml of PIPES buffer with 1% DCS. The purity of the eosinophils counted by Randolph's stain was Ͼ94%; the viability was Ͼ98%. The eosinophils were resuspended in Gey's solution at 2.0 ϫ 10 6 cells/ml and used for the chemotaxis assay.
Eosinophil chemotactic activity (ECA) was assayed in 48-well microchemotaxis chambers (Neuroprobe, Inc., Cabin John, Md.) as previously described (15) . The bottom wells of the chamber were filled with 25 l of the supernatant fluids from HFL-1. A 10-m-thick polyvinylpyrrolidone-free polycarbonate filter (pore size, 5 m) was placed over the samples. The silicon gasket and the upper pieces of the chamber were applied, and 50 l of the cell suspension was placed into the upper wells. The chambers were incubated in humidified air in 5% CO 2 at 37°C for 180 min. Nonmigrated cells were wiped away from the filter. The filter was immersed in methanol for 5 min, stained with a modified Wright's stain, and mounted on a glass slide. Cells that had completely migrated through the filter were counted using light microscopy. The ECA was expressed as the mean number of migrated cells per high-power field (HPF) from duplicate wells.
Statistical analysis. Data were analyzed by Dunnett's one-way analysis of variance with a Bonferroni correction. In all cases, a P value of Ͻ0.05 was considered significant. The data are expressed as the mean Ϯ the standard error of the mean (SEM).
RESULTS
Effects of ERY on cytokine production from HFL-1. HFL-1 released eotaxin, GM-CSF, RANTES, and LTB4 spontaneously, and the inflammatory cytokines, IL-1␤ and TNF-␣, stimulated the release of these cytokines from HFL-1. ERY inhibited eotaxin release dose dependently from HFL-1 stimulated with IL-1␤ (Fig.   FIG. 1 . Dose-dependent effects of ERY (EM) on eotaxin release from HFL-1 stimulated with IL-1␤ (1 ng/ml, panel A) or TNF-␣ (10 ng/ml, panel B) (n ϭ 4). The eotaxin concentration is on the ordinate, and the ERY concentration is on the abscissa. SM, streptomycin; PC, penicillin. Values are expressed as the mean Ϯ the SEM. ‫,ء‬ P Ͻ 0.05 compared with supernatant fluids without ERY incubation. 1A) or TNF-␣ (Fig. 1B) . ERY had no effect on the release of eotaxin from unstimulated HFL-1. ERY (100 g/ml) also inhibited IL-1␤-or TNF-␣-stimulated GM-CSF ( Fig. 2A) and RAN-TES (Fig. 2B) . However, the inhibitory effects on these cytokines were less pronounced than on eotaxin, and ERY doses lower than 100 g/ml had no significant effect on GM-CSF or RANTES. ERY had no significant effect on LTB4 release from unstimulated or stimulated HFL-1 supernatant fluids (Fig. 3) . IL-5 was not detected in any supernatant fluids. Neither penicillin nor streptomycin modulated the cytokine production (data not shown). Effects of ERY on eosinophil chemotactic activity. IL-1␤ or TNF-␣ stimulated eosinophil chemotactic activity from HFL-1. ERY significantly suppressed the eosinophil chemotactic activity from HFL-1 stimulated with IL-1␤ or TNF-␣ (Fig. 4) . (Fig. 5 ). However, ERY had no significant effect on GM-CSF and RANTES mRNA expression from HFL-1 (data not shown).
FIG. 2. Effects of ERY (EM) on GM-CSF (

DISCUSSION
The present study demonstrated that HFL-1 released eosinophil chemotactic activity or cytokines, including eotaxin, GM-CSF, and RANTES, in response to IL-1␤ or TNF-␣. ERY attenuated the release of these cytokines and eosinophil chemotactic activity by the HFL-1 stimulated by IL-1␤ or TNF-␣. ERY had no effect on cytokine production or eosinophil chemotactic activity by unstimulated HFL-1. Consistent with these results, ERY treatment of HFL-1 also showed the suppressive effect on the expression of eotaxin mRNA significantly. HFL-1 released LTB4 spontaneously and in response to IL-1␤ or TNF-␣; however, ERY had no effects on LTB4 release. Other antimicrobials tested, including penicillin and streptomycin, did not alter cytokine production or eosinophil chemotactic activity.
Macrolide antibiotics have been shown to modulate cytokine production, including chemoattractants for neutrophils (33) , monocytes (18) , eosinophils (23), lymphocytes, and bronchial epithelial cells (22, 40) . Roxithromycin, one of the macrolide antibiotics, has been reported to suppress sputum eosinophils and eosinophil cationic protein in asthmatic patients (38) .
These results are consistent with macrolide antibiotics having favorable effects in asthma by modulating eosinophil chemotactic cytokines.
The levels used in these studies are likely clinically relevant. Peak levels of erythromycin in serum vary between 1 and 10 g/ml, depending on the dosage, route of administration, etc., but lung levels may be even higher with some macrolide antibiotics (34) . Furthermore, other in vitro investigations have used similar concentrations of macrolides to investigate the effects of erythromycin on IL-8 release by bronchial epithelial cells (40) with apparent in vivo effects (26) .
We investigated the effect of ERY on HFL-1 because lung fibroblasts constitute 35 to 40% of the cells in the interstitium of the lung and are activated to proliferate and synthesize various cytokines during inflammation (27) . Moreover, studies of asthmatic biopsies have suggested the importance of fibroblast activation to eosinophil infiltration (35) , and fibroblasts have been reported to produce large amounts of the eosinophil chemotactic cytokines, RANTES, GM-CSF, and eotaxin in response to various stimuli (39, 42) . In the present study, IL-1␤ or TNF-␣ stimulated the release of these cytokines and an increase in eosinophil chemotactic activity. These observations are consistent with the concept that fibroblasts may be an important source of eosinophil chemoattractants in allergic airway disorders. However, a limitation of these studies was that they were done in vitro with a human fibroblast cell line. The effects of ERY on primary cultures of human airway fibroblasts are important issues for future research.
Both IL-1␤ and TNF-␣ are found at increased levels in lung lavage fluid from patients with asthma, and its spontaneous release is augmented in alveolar macrophages from adult patients with asthma and in wheezy infants (5, 6, 44) . ERY could also affect cytokine release by the suppression of these cytokines. ERY has been shown to decrease TNF-␣ and IL-1␤ levels in the macrophage cell line J-774 (17) . However, studies of bronchoalveolar lavage fluid from subjects treated for 3 days of azithromycin revealed no difference in bronchoalveolar lavage levels of TNF-␣ or IL-1␤ (4).
Although ERY attenuated eotaxin, GM-CSF, and RANTES release in this study, the suppressive effect of eotaxin was most marked with eotaxin. Considering the concentration and suppressive effects of these cytokines, the attenuation of eosinophil chemotactic activity by HFL-1 supernatant fluids is most likely due to eotaxin inhibition by ERY. Eotaxin is highly selective in eosinophil recruitment (11) , and patients with asthma have high concentrations of eotaxin in the bronchoalveolar lavage fluid and an increased expression of eotaxin mRNA in the airways (9) . Lung fibroblasts are reported to produce large amount of eotaxin compared to another cells, including bronchial epithelial cells, lymphocytes, and monocytes (42) . Eotaxin attenuation of EM may be crucial for the inhibition of eosinophil infiltration by EM.
Recently, Abe et al. (1) reported that IL-8 gene repression by macrolide antibiotics was mediated mainly via the activator protein-1 (AP-1) but not by the nuclear factor (NF)-B site in the bronchial epithelial cell line. Abe et al. showed that both AP-1 and NF-B were important factors for TNF-␣-induced IL-8 gene transcription and that macrolide antibiotics inhibited the TNF-␣-induced binding of AP-1 to its sequence in the IL-8 gene but not the binding of NF-B. It has been reported that the promoters of the eotaxin, GM-CSF, and RANTES genes also contain binding sites for the redox-responsive transcription factors AP-1 and NF-B and that the responsive elements may differ according to the type of cells or stimulation (16, 37, 43) . Differential activation and binding of inducible transcription factors to the promoter regions of chemokine genes may explain the different effects of ERY on these eosinophil chemotactic cytokines.
The present study suggests that lung fibroblasts are an important source of eosinophil chemotactic activity, and the inhibitory effects of ERY on eosinophil chemotactic cytokine release by lung fibroblasts may be one of the mechanisms of decreased airway hyper-responsiveness and the resulting amelioration of disease activity. These results demonstrate a mechanism of action of macrolide antibiotics altering eosinophil accumulation in vitro and suggest the potential usefulness of macrolides in the treatment of allergic airway disorders.
